Adelgids (Insecta: Hemiptera: Adelgidae) are known as severe pests of various conifers in North America, Canada, Europe and Asia. Here, we present the first molecular identification of bacteriocyte-associated symbionts in these plant sap-sucking insects. Three geographically distant populations of members of the Adelges nordmannianae/piceae complex, identified based on coI and ef1alpha gene sequences, were investigated. Electron and light microscopy revealed two morphologically different endosymbionts, coccoid or polymorphic, which are located in distinct bacteriocytes. Phylogenetic analyses of their 16S and 23S rRNA gene sequences assigned both symbionts to novel lineages within the Gammaproteobacteria sharing o92% 16S rRNA sequence similarity with each other and showing no close relationship with known symbionts of insects. Their identity and intracellular location were confirmed by fluorescence in situ hybridization, and the names 'Candidatus Steffania adelgidicola' and 'Candidatus Ecksteinia adelgidicola' are proposed for tentative classification. Both symbionts were present in all individuals of all investigated populations and in different adelgid life stages including eggs, suggesting vertical transmission from mother to offspring. An 85 kb genome fragment of 'Candidatus S. adelgidicola' was reconstructed based on a metagenomic library created from purified symbionts. Genomic features including the frequency of pseudogenes, the average length of intergenic regions and the presence of several genes which are absent in other long-term obligate symbionts, suggested that 'Candidatus S. adelgidicola' is an evolutionarily young bacteriocyte-associated symbiont, which has been acquired after diversification of adelgids from their aphid sister group.
Introduction
The presence of heritable bacterial endosymbionts in insects is widespread in nature (Buchner, 1953) . Their roles range from obligate mutualists with essential nutritional functions and facultative mutualists necessary for host protection to parasites manipulating the host's reproductive system (Moran et al., 2008) . Thus, symbiosis with bacteria has a great impact on the ecology and the evolution of many insect hosts.
A group of insects comparatively well studied with respect to their symbionts are plant sap-sucking members of the suborder Sternorrhyncha including aphids, psyllids, whiteflies and mealybugs, with phloem-feeding aphids as a prime example. Most aphids harbor the gammaproteobacterial endosymbiont Buchnera aphidicola. Buchnera is located in specialized cells in the insect body cavity termed 'bacteriocytes', and is vertically transmitted from mother to offspring (Baumann, 2005; Moran et al., 2008) . The major function of this obligate (primary) symbiont is to convert unusable nutrition to utilizable compounds, that is, to supply its host with essential amino acids lacking in phloem sap (Shigenobu et al., 2000; Moran et al., 2003; Zientz et al., 2004; Thomas et al., 2009) . Buchnera are highly specialized bacteria well adapted to symbiosis with their aphid hosts through 4160 millions of years (Moran et al., 1993) . As obligate intracellular bacteria, they show highly reduced genomes compared with free-living bacteria and lack many essential biosynthetic pathways (Moran et al., 2008) . In addition to Buchnera, many aphids harbor additional, phylogenetically distinct facultative (secondary) symbionts such as 'Candidatus Serratia symbiotica' , 'Candidatus Hamiltonella defensa' (Degnan et al., 2009 ) and 'Candidatus Regiella insecticola' (Moran et al., 2005; Scarborough et al., 2005) .
In contrast to the well-studied aphids, our knowledge about bacterial symbionts of their sister group, the adelgids, is very scarce. Adelgids are plant sap-sucking insects comprising B65 highly hostspecific species, some of which represent severe pests of various conifers especially in North America, Canada, Europe and Asia (Steffan, 1972; Blackman and Eastop, 1994; . Adelgids feed mainly on phloem or parenchyma cells and perform mostly a complex sexual life cycle consisting of multiple generations with host alternations on conifers by switching from the primary (spruce (Picea spp.)) to the secondary host tree (Abies, Larix, Pseudotsuga, Tsuga or Pinus); however, asexual reproduction has also been reported (Steffan, 1972; .
Early morphological and histological studies of adelgids have reported the occurrence of bacteria within bacteriocytes, between bacteriocytes and oenocytes and free in the hemocoel (Profft, 1936; Buchner, 1953; Steffan, 1968; Shields and Hirth, 2005) . Rod-shaped, coccoid and polymorphic bacteria were observed in different adelgid species and sometimes within the same adelgid host (Buchner, 1953; Steffan, 1968) . However, to our knowledge, no published sequences for the identification of these bacterial symbionts on the molecular level are available.
In this study, we investigated whether adelgids, like their aphid sister group, harbor Buchnerarelated symbionts or whether they acquired different endosymbionts after the divergence from aphids. We analyzed adelgids of the Adelges nordmannianae/ piceae complex. Both insects, the silver fir woolly adelgid A. nordmannianae (Eckstein, 1890; a.k.a. Dreyfusia nordmannianae) and the balsam woolly adelgid A. piceae (Ratzeburg, 1844; a.k.a Dreyfusia piceae), are a very closely related species pair with highly similar morphological and genetic characteristics (Eichhorn, 1967; . Although A. nordmannianae shows a sexual life cycle including host alternation between spruce and fir trees (Picea orientalis and Abies spp. respectively), A. piceae has an asexual life cycle and feeds on fir trees only ( Bryant, 1971; Eichhorn, 1973; Binazzi, 2000) . Both are a severe pest on young firs and dreaded in the Christmas tree industry (Balch, 1952) . A. nordmannianae primarily attacks young sprouts and needles and older branches but rarely the bark of the trunk. A. piceae can be located on any part of the tree depending on the host tree species (Steffan, 1972) . The stylets of A. piceae pierce the bark tissue and can reach the phloem, but do not enter it. In contrast to aphids, these adelgids thus feed on cortical parenchyma cells and on the phelloderm, a layer of the periderm (Balch, 1952) .
Using 16S rRNA sequence analysis and fluorescence in situ hybridization (FISH) with symbiontspecific oligonucleotide probes, we identified the bacteriocyte-associated symbionts of adelgids of the A. nordmannianae/piceae complex as previously unrecognized Gammaproteobacteria that are present in different host populations and life stages. Metagenomic analysis suggested that one of the symbionts was acquired after diversification of aphids and adelgids, recently relative to other insect symbiont lineages.
Materials and methods

Organisms
Adelgids of the A. nordmannianae/piceae complex were collected from silver fir (Abies alba Mill) and Nordmann fir (Abies nordmanniana (Steven) Spach) trees at three different sampling sites (Table 1) . Infested branches were cut from the trees and stored at 4 1C until collection of the insects. The insects were used immediately, fixed for FISH and electron microscopy or stored in ethanol for DNA purification at a later time point.
Histology and transmission electron microscopy Insects were prefixed in 2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer overnight at 4 1C and fixed in 1% osmium tetroxide in 0.1 M sodium cacodylate buffer for 2 h at room temperature. Specimens were dehydrated in ethanol and embedded in Spurr's resin (Spurr, 1969) . Semi-thin sections were stained with Richardson's solution (Richardson et al., 1960) and examined by light microscopy. Ultrathin sections were stained with uranyl acetate and lead citrate and examined using a Zeiss EM 902 electron microscope (Carl Zeiss, Vienna, Austria) at 80 kV.
PCR, cloning, restriction fragment length polymorphism and sequencing Intact adelgids stored in ethanol were washed in double distilled water and DNA was purified from either single or up to 30 individuals; different life stages and eggs were used for DNA extraction using the DNeasy Blood and Tissue Kit (Qiagen, Hilden, Germany). DNA was stored at À20 1C until further use for PCR. Adelgid (coI, ef1alpha) and bacterial (16S and 23S rRNA) genes were amplified in 35 PCR cycles using the primers and conditions listed in Supplementary Table S1 . PCR reactions typically contained 2 ml template DNA, 50 pmol of each primer, 1 Unit of Taq DNA polymerase (Fermentas, St Leon-Rot, Germany), 10 Â Taq buffer with KCl and 2 mM MgCl 2 and 0.2 mM of each deoxynucleotide in a total volume of 50 ml. Both negative (no DNA added) and positive controls were included in all PCR reactions. PCR products were purified using the PCR purification kit (Qiagen) and were either sequenced directly or cloned using the TOPO TA cloning kit with the cloning vector pCR 2.1-TOPO (Invitrogen Life Technologies, Lofer, Austria) following the manufacturer's instructions. At least 20 16S and 23S rRNA gene clones each were screened by restriction fragment length polymorphism analysis using MspI (Fermentas). Nucleotide sequences were determined using the BigDye Terminator kit v3.1 (Applied Biosystems, Vienna, Austria) and an ABI 3130 XL genetic analyzer (Applied Biosystems).
Phylogenetic analysis
The program ARB (Ludwig et al., 2004) was used for phylogenetic analysis. ARB 16S and 23S rRNA databases were updated with sequences from GenBank obtained by sequence homology searches using BLASTn available at the NCBI web site (National Centre for Biotechnology Information) (Altschul et al., 1990) . Databases for genes encoding cytochrome c oxidase 1 (coI) and elongation factor 1-alpha (ef1alpha), as well as a protein database RNA polymerase sigma-32 factor (RpoH) were established with representative sequences downloaded from GenBank and aligned using Mafft (Katoh et al., 2005) . Phylogenetic trees were calculated using MrBayes and the maximum parsimony, distance matrix and TREEPUZZLE methods implemented in ARB (Huelsenbeck and Ronquist, 2001; Schmidt et al., 2002; Ronquist and Huelsenbeck, 2003; Ludwig et al., 2004) . PhyML trees were calculated using the Mobyle portal (http://mobyle. pasteur.fr/cgi-bin/portal.py; Guindon and Gascuel, 2003) . Symbiont-specific primers were designed using the probedesign/probematch tools of the ARB software package (Ludwig et al., 2004) .
Fluorescence in situ hybridization
Insects were fixed in 4% paraformaldehyde for 4 h at 4 1C, crushed on a glass slide and covered with 0.2% of low melting agarose. Hybridization was performed using a standard protocol hybridization and washing buffer as described previously (Daims et al., 2005) . The oligonucleotide probes used are given in Supplementary Table S1 . Probe NONEUB (complementary to the bacterial probe EUB338-I) was used as negative control. Hybridized slides were examined using a confocal laser scanning microscope (LSM 510 Meta, Carl Zeiss). Symbiont-specific probes were designed using the probedesign/probematch tools of the ARB software package (Ludwig et al., 2004) and deposited at probeBase (Loy et al., 2007) . Optimal hybridization conditions for symbiont-specific probes were determined in a series of hybridization experiments with increasing formamide concentrations in the hybridization buffer.
Fosmid library construction and screening High molecular weight DNA for the construction of a fosmid library was purified from freshly collected insects and eggs from Klausen-Leopoldsdorf. To enrich bacterial symbionts, whole insects and eggs were homogenized using a Dounce tissue grinder (Wheaton, Millville, NJ, USA) in buffer A (35 mM Tris-HCl, 25 mM KCl, 10 mM MgCl 2 , 250 mM sucrose, pH 7.5; Ishikawa, 1982) and filtered sequentially through 53, 30 and 10 mm meshes (Eckert, Waldkirch, Germany). The remaining suspension containing both symbionts was centrifuged at 7000 r.p.m. The pellet was resuspended in TE buffer (10 mM Tris-HCl, 1 mM EDTA, pH 7.5), and DNA was obtained using an SDS-based DNA purification method including 1% hexadecylmethylammonium bromide, 1.5% polyvinylpyrrolidone and proteinase K (Sigma-Aldrich, Vienna, Austria) in the extraction buffer (Zhou et al., 1996) . DNA was quality checked by gel electrophoresis and stored at À20 1C until further use. A large insert fosmid library was constructed using the CopyControl Fosmid Library Production Table S1 ). PCR products from single, positive fosmid clones were sequenced directly, and the size of the inserted DNA was estimated by pulsed field gel electrophoresis. In brief, a CHEF-DR III system (Bio-Rad, Vienna, Austria) and 1% agarose gel were used at 6V cm and 14 1C with a linear switching time (0.1-5 s) for 8.4 h. Positive fosmids were end sequenced, and checked for overlapping regions using restriction fragment length polymorphism with EcoRI (Fermentas). Fosmids were sequenced using a shotgun clone library and the Sanger sequencing method by a company (LGC Genomics, Berlin, Germany). A coverage of 4 Â was achieved and sequence gaps were closed by primer walking.
Annotation and comparative genome analysis
The genome fragment of 'Candidatus Steffania adelgidicola' was automatically annotated and analyzed using the PEDANT software platform (http:// pedant.gsf.de/; Frishman et al., 2001; Walter et al., 2009) . Protein-coding sequences were predicted by combining intrinsic predictions from GeneMarkS (Besemer et al., 2001) and Glimmer (Delcher et al., 2007) and extrinsic information from a BLAST search against the NCBI RefSeq database (Wheeler et al., 2008) . All gene models were additionally manually verified by pairwise alignments with homologous proteins found in the UniProt Knowledgebase (Consortium, 2010) . Prediction of tRNA genes was performed using tRNAscan-SE (Lowe and Eddy, 1997) . Pseudogene analysis was performed using a house-internal pipeline for the identification of neighboring open-reading frames with identical homologs in NCBI RefSeq. All candidates for pseudogenes were subsequently inspected manually. The NCBI COG database was used for functional classification of proteins (Tatusov et al., 2001) . UniProt and the Multi-Genome Browser of the Biocyc database collection were used for synteny analysis (Karp et al., 2005; Consortium, 2010) . Biochemical pathway prediction was performed using KEGG (Kyoto Encyclopedia of Genes and Genomes) (Kanehisa and Goto, 2000) . Presence/ absence analysis was performed by comparison with representative genomes of insect symbionts and free-living Gammaproteobacteria using the predicted protein sequences and BLASTp with an E-value cutoff of 10 À9 (Altschul et al., 1990) . DNAPlotter was used for generating linear DNA maps (Carver et al., 2009) .
Nucleotide sequence accession numbers
Gene sequences of symbionts and their insect hosts and the genome fragment obtained from 'Candidatus S. adelgidicola' were deposited at the DDBJ/EMBL/ GenBank databases under the accession numbers listed in Table 1 .
Results and Discussion
Identification of adelgid hosts Three adelgid populations found on Abies spp. in Austria (Gosau, Klausen-Leopoldsdorf) and Germany (Grafrath) were sampled and tentatively identified as members of the A. nordmannianae/piceae complex based on their morphology, their host plants A. alba and A. nordmanniana, as well as their location on trees. For molecular characterization of the three adelgid populations, genes encoding the cytochrome c oxidase subunit 1 (coI) and the eukaryotic elongation factor 1-alpha (ef1alpha) were partially amplified (639 nt for coI and 664 nt for ef1alpha) and sequenced from DNA extracted from up to 30 individuals. Both genes are considered useful molecular markers for inferring the phylogenetic relationships of eukaryotes, and they were used previously for analysis of adelgids Foottit et al., 2009; Zurovcova et al., 2010) .
Phylogenetic analyses of concatenated coI and ef1alpha data sets using neighbor joining, maximum parsimony and maximum likelihood methods confirmed the morphology-based identification of these insects and showed consistently their affiliation with the family Adelgidae in which they formed a stable, well-supported monophyletic group with A. nordmannianae and A. piceae (Supplementary Figure S1 ). Within this group, the concatenated data set and coI alone failed to differentiate between the species A. piceae and A. nordmannianae, which is consistent with previous studies Foottit et al., 2009; Zurovcova et al., 2010) . A closer inspection of the ef1alpha alignment revealed three alignment positions that differentiate A. nordmannianae from A. piceae (Supplementary Table S2 ). If these positions were taken as indicators for species delineation, adelgids sampled in Gosau represent A. nordmannianae and adelgids from Grafrath belong to A. piceae. Two different ef1alpha variants containing the signatures of A. nordmannianae and A. piceae, respectively, were observed for adelgids sampled in Klausen-Leopoldsdorf, which might indicate a mixed population of A. piceae and A. nordmannianae at this sampling site as observed previously on other occasions (Steffan, 1972) . However, the presence of only three single-nucleotide polymorphisms in the comparatively small ef1alpha data set and inconclusive information from coI sequence data with respect to these adelgid species demonstrate that current molecular markers are not able to reliably differentiate the highly related and co-occurring species A. piceae and A. nordmannianae. This is consistent with the highly similar morphology of both insect groups (Blackman and Eastop, 1994) . In concordance with previous reports, we thus refer to the adelgids investigated in this study as members of the A. nordmannianae/piceae complex.
Two morphologically different bacteriocyte-associated symbionts Staining of semi-thin sections of insects from the A. nordmannianae/piceae population sampled in Gosau revealed two differentially stained types of bacteriocytes in the adelgids' body cavity, which is consistent with previous studies (Profft, 1936; Buchner, 1953; Steffan, 1968) . The size of the bacteriocytes increased from larval to adult stages with an average size between 30 and 50 mm in adults. In the first instar stage, the bacteriome consisted of loose-fitting cell aggregates, whereas the adult stages (apterous exulis and winged sexupara) contained a compact bacteriome (Figure 1 ). Similar to the situation in aphids, the bacteriome extended in two strands from the last thoracic to the seventh abdominal segment extending alongside the gut. The anterior parts of the bacteriome strands were connected to each other by bacteriocytes, ventral to the gut. In cross-sections, the bacteriome formed an H-like structure (Figure 1) .
Electron microscopy confirmed the presence of two distinct types of bacteriocytes seen in histological sections. One type of bacteriocytes has single nuclei and contains coccoid, electron-dense bacteria, which divide by binary fission and are between 1 and 4 mm in diameter (Figures 2a and b) . The second type of bacteriocytes is multinucleated and harbors less electron-dense, polymorphic bacteria, between 1.4 and 7 mm in size (Figures 2a and f) . Both symbionts showed a Gram-negative type cell wall and were enclosed by a symbiosome membrane (Figures 2c-e) . Multilamellar bodies, but no other bacterial forms, were found inside the bacteriocytes. Other tissues such as sheath cells or the hemocoel did not contain bacterial symbionts. Taken together, the association of A. nordmannianae/piceae with bacterial symbionts is very similar to the situation in aphids and other insects, which frequently contain two different kinds of bacteriocyte-associated symbionts, sometimes referred to as primary and secondary symbionts (Baumann, 2006) .
Novel gammaproteobacterial symbionts
Sequencing and analysis of 16S rRNA genes amplified from up to 30 host individuals from 3 different adelgids populations revealed 2 distinct 16S rRNA sequences showing highest similarity with members of the Gammaproteobacteria. Both sequences, presumably representing the two symbiont morphotypes, were only moderately similar to each other (90.1-91.2%) and to other gammaproteobacterial sequences (B95%). Sequence type 1 showed highest similarity to Sodalis glossinidius str. 'morsitans', whereas sequence type 2 was most similar to Serratia plymuthica and Serratia entomophila. Both sequence types were found in all three populations and were nearly identical among the geographically distant sampling sites (99.7-99.9%). In phylogenetic trees, both sequence types established novel, deep branching lineages within the Gammaproteobacteria (Figure 3a) . Depending on the method used for phylogeny inference, these lineages sometimes clustered together with other symbionts of insects, but overall comparison of different phylogenetic methods and bootstrap values did not provide support for proposing a specific affiliation of the two sequence types with other Gammaproteobacteria. The lack of phylogenetic information of rRNA genes to resolve deeply branching lineages is a well-known problem within this taxonomic clade (Williams et al., 2010) .
Consistent with the two 16S rRNA sequence types found in A. nordmannianae/piceae, we also detected two different 23S rRNA gene sequences in the insect host. 23S rRNA sequence type 1 showed highest similarity (94.2%) to the Sodalis-related primary endosymbiont of Sitophilus zeamais. Sequence type 2 was most similar to 'Candidatus Serratia symbiotica' (90.4%). Phylogenetic analysis confirmed the affiliation of both sequences with the Gammaproteobacteria, in which they formed novel lineages. Similar to the 16S rRNA-based phylogenetic analysis, both sequences clustered in some trees with other insect symbionts, but their relationship with other Gammaproteobacteria could not be unambiguously resolved (Figure 3b ).
In situ identification of 'Candidatus S. adelgidicola' and 'Candidatus E. adelgidicola' The two bacterial morphotypes observed by electron microscopy were readily visible using FISH and 16S rRNA-targeted probes in samples from all three adelgid populations (Figure 4a , Supplementary Figure S2 ). Probes specific for 16S and 23S rRNA sequence type 1 hybridized with the coccoid symbionts. Probes specific for sequence types 2 targeted the polymorphic symbionts, which showed an extremely low fluorescence signal that could be enhanced by application of three probes simultaneously (Supplementary Figure S3) . All symbionts identified by FISH were located in bacteriocytes, which contained either one of the two symbionts.
Combination with general bacterial probes demonstrated the absence of additional bacteria in this tissue. TREEPUZZLE support values, bootstrap values for maximum parsimony and maximum likelihood (1000 resamplings), and posterior probabilities of MrBayes are indicated at the inner nodes. GenBank/EMBL/DDBJ accession numbers are given in square brackets. Bars, 10% estimated evolutionary distance.
Endosymbionts of A. nordmannianae/piceae ER Toenshoff et al
Taken together, we could show that A. nordmannianae/piceae contains two morphologically and phylogenetically distinct bacteriocyte-associated endosymbionts, which form novel evolutionary lineages within the Gammaproteobacteria. Notably, both symbionts are different from Buchnera, the obligate symbionts of most aphids which represent a sister group of the adelgids. They are also different from other known primary or secondary symbionts found in insects belonging to the order Sternorrhyncha such as mealybugs, psyllids or whiteflies (Baumann, 2006) . A. nordmannianae/piceae has thus acquired its own gammaproteobacterial symbionts during evolution. The low degree of relationship with each other and with other Gammaproteobacteria justifies their taxonomic placement within two novel genera. According to Murray and Stackebrandt (1995) , we propose the following provisional names.
'Candidatus S. adelgidicola' 'Candidatus S. adelgidicola' named in honor of the German entomologist August Wilhelm Steffan for his contributions to research on adelgids and their bacterial symbionts; 'adelgid-icola' meaning friend or lover of the Adelgidae. This symbiont of A. nordmannianae/piceae is coccoid with a cell size between 1 and 4 mm and has a Gram-negative type cell wall. It is surrounded by a symbiosome membrane and located in single-nucleated bacteriocytes. The symbiont is not cultured in cell-free medium or a cell line. 'Candidatus S. adelgidicola' represents a novel genus within the class Gammaproteobacteria (phylum Proteobacteria). The basis of assignment is: 16S rRNA, 23S rRNA (GenBank/ EMBL/DDBJ accession numbers HQ668158, HQ668159, FR872579).
'Candidatus E. adelgidicola' 'Candidatus E. adelgidicola' named in honor of the German entomologist Karl Eckstein for his contributions to research on adelgids; 'adelgid-icola' meaning friend or lover of the Adelgidae. This symbiont of A. nordmannianae/piceae is polymorphic with a cell size between 1.4 and 7 mm and has a Gram-negative type cell wall. It is surrounded by a symbiosome membrane and is located in multinucleated bacteriocytes. The symbiont is not cultured in cell-free medium or a cell line. 'Candidatus E. adelgidicola' represents a novel genus within the class Gammaproteobacteria (phylum Proteobacteria). The basis of assignment is: 16S rRNA, 23S rRNA (GenBank/EMBL/DDBJ accession numbers HQ668160, HQ668161, HQ668162, HQ668163).
Occurrence and vertical transmission
To further investigate the occurrence of 'Candidatus S. adelgidicola' and 'Candidatus E. adelgidicola' within a single adelgid population, we designed PCR assays specific for the 16S rRNA gene of each of the two symbionts (Supplementary Table S1 ) and screened 10 individuals from the population sampled in Gosau (Supplementary Figure S4) . PCR products were obtained from all individuals and 16S rRNA sequences were nearly identical (99.5%) to the previously recovered sequences of 'Candidatus S. adelgidicola' and 'Candidatus E. adelgidicola', suggesting that both symbionts are present in all individuals of the investigated population. We next analyzed different life stages of the adelgid host using symbiont-specific PCR assays, and we detected 'Candidatus S. adelgidicola' and 'Candidatus E. adelgidicola' in both sexuparae and exules a b Figure 4 In situ identification and intracellular localization of 'Candidatus Steffania adelgidicola' and 'Candidatus Ecksteinia adelgidicola' in adults and eggs of A. nordmannianae/piceae. Bacterial symbionts were labeled by FISH using symbiont-specific 16S rRNA-targeted oligonucleotide probes together with a probe mix targeting all bacteria (Supplementary Table S1 ). Probes specific for the coccoid 'Candidatus S. adelgidicola' were labeled with Cy3 (red); three probes specific for the polymorphic 'Candidatus E. adelgidicola' were labeled with Cy5 (blue) and used simultaneously. Probes targeting all bacteria were labeled with FLUOS (green). The combined signal from bacterial and symbiont-specific probes appear yellow for 'Candidatus S. adelgidicola' and blue-green for 'Candidatus E. adelgidicola', respectively. (a) Bacteriocytes of an adult adelgid sampled in Gosau, Austria. (b) Both symbionts inside an adelgid egg. Bars represent 10 mm.
(Supplementary Figure S5) . In addition, we performed FISH on eggs of A. nordmannianae/piceae and could demonstrate bacteriocytes containing each of the two symbionts, respectively (Figure 4b ). Taken together, these findings are strong evidence for a vertical transmission of 'Candidatus S. adelgidicola' and 'Candidatus E. adelgidicola' from mother to offspring, corroborating previous histological studies of A. nordmannianae/piceae and its bacterial symbionts (Profft, 1936; Buchner, 1953; Steffan, 1972) . Vertical inheritance is a hallmark of obligate symbionts of insects which are well adapted to and essential for their hosts (Moran et al., 2008) . Thus, 'Candidatus S. adelgidicola' and 'Candidatus E. adelgidicola' likely have an important role for their host's biology. This notion is consistent with the observation that the related hemlock woolly adelgid Adelges tsugae, for which morphologically similar symbionts were described, was inhibited in its development after treatment with antibiotics (Shields and Hirth, 2005) .
Evidence for the presence of most biosynthetic pathways in 'Candidatus S. adelgidicola' Known obligate bacterial symbionts of insects mainly serve as nutrient providers complementing their hosts' diet, in some cases as the result of synergistic functions of two different symbionts (Wu et al., 2006; McCutcheon and Moran, 2007; Gosalbes et al., 2008) ; other symbionts can protect their hosts against parasites or heat (Montllor et al., 2002; Oliver et al., 2003; Moran et al., 2005; Vorburger et al., 2010) or they may help to expand their host's host range (Tsuchida et al., 2004) . To get first insights into the genetic basis and the role of 'Candidatus S. adelgidicola' and 'Candidatus E. adelgidicola' for their insect host, we generated a metagenomic fosmid library from purified bacterial symbionts. In total, 14 208 fosmid clones were screened using 16S and 23S rRNA gene-specific primers for both symbionts. Although no clones containing rRNA genes of 'Candidatus E. adelgidicola' were identified, eight clones containing rRNA genes of 'Candidatus S. adelgidicola' were found. On the basis of restriction fragment length polymorphism analysis for estimation of the extent of overlap between these clones, we selected two clones containing the 16S rRNA gene (33 and 39 kb in size) and one clone containing the 23S rRNA gene (35 kb) for sequencing. Shotgun sequences of these three clones could be assembled into one continuous contig with a total size of 85 kb. This genome fragment of 'Candidatus S. adelgidicola' includes 44 predicted coding sequences (CDS), 3 rRNA genes, 2 tRNAs and 5 pseudogenes (Supplementary Figure S6 , Supplementary Table S3) . No noncoding RNAs were detected using the Rfam database (Gardner et al., 2009) .
Obligate symbionts of insects typically possess small genomes compared with free-living bacteria. As a consequence, biosynthetic pathways are frequently reduced substantially and the symbionts thus rely on the import of metabolites from their hosts (Ramsey et al., 2010) . Interestingly, the genome fragment of 'Candidatus S. adelgidicola' encodes for proteins involved in a wide range of biosynthetic pathways ( Figure 5 , Supplementary  Table S3 ). This includes proteins required for glycolysis, the pentose phosphate pathway and the tricarboxylic acid cycle. Proteins involved in the synthesis of amino acids, in pyrimidine and purine metabolism, as well as in lipid and lipopolysaccharide biosynthesis are also encoded. In addition, genes coding for proteins involved in metabolism of cofactors and vitamins such as biotin and nicotinamide -adenine dinucleotide are present. Although it remains unknown whether 'Candidatus S. adelgidicola' encodes the full gene complement for these pathways, the observed diversity of metabolic functions encoded on the genome fragment suggests that the genetic repertoire of this symbiont resembles that of most free-living bacteria or facultative symbionts Degnan et al., 2009; Burke and Moran, 2011) .
For example, the genome fragment of 'Candidatus S. adelgidicola' contains genes for lipid A synthesis (lpxA, lpxB), a key lipopolysaccharide component, which are absent in the long-term insect-associated symbionts Buchnera, Baumannia cicadellinicola and 'Candidatus Carsonella ruddii' but still present in the evolutionary younger obligate symbionts Wigglesworthia glossinidia and 'Candidatus Blochmannia pennsylvanicus' or the facultative symbionts S. glossinidius, S. symbiotica and 'Candidatus H. defensa' (Shigenobu et al., 2000; Akman et al., 2002; Degnan et al., 2005; Nakabachi et al., 2006; Wu et al., 2006; Moran et al., 2008) .
Amino acids have a special role in many symbiotic associations between bacteria and insects. Although on the one hand, many obligate symbionts produce certain amino acids that are lacking in their hosts' diet, they possess on the other hand often only limited capabilities to synthesize other amino acids and obtain these compounds through the host metabolism or through other symbionts (Shigenobu et al., 2000; Zientz et al., 2004; Moran et al., 2008; McCutcheon et al., 2009) . 'Candidatus S. adelgidicola' encodes proteins involved in the synthesis of phenylalanine, tyrosine, tryptophan, lysine, glycine, serine, threonine, cysteine and methionine, as well as proteins for synthesis of branched-chain amino acids such as isoleucine, valine and leucine. Thus, similar to facultative symbionts like S. glossinidius , 'Candidatus S. adelgidicola' might be able to generate most amino acids independent from its insect host. It is also conceivable that 'Candidatus S. adelgidicola' has a role in essential amino acid biosynthesis for its adelgid host.
Taken together, the presence of several genes in the 'Candidatus S. adelgidicola' genome that are also found in free-living bacteria and facultative symbionts but that are lacking in many obligate symbionts suggests that the 'Candidatus S. adelgidicola' is more similar to known facultative symbionts with respect to its metabolic capabilities. This might indicate that 'Candidatus S. adelgidicola' is an evolutionarily young symbiont, and that adaptation to an intracellular lifestyle is less pronounced than in long-term obligate symbionts.
'Candidatus S. adelgidicola' is an evolutionarily young symbiont Reduction of genome size occurs through deletion of genes or genome regions. Deletion may begin with the disruption of (redundant) genes or promoter regions by point mutations, frameshifts and integration of transposable elements, which leads to the formation of pseudogenes (Mira et al., 2001) . Owing to the lack of selection, these pseudogenes are degraded gradually until they have disappeared completely. This process correlates frequently with a change in the environment or lifestyle, for example, during adaptation to intracellular symbiosis with an eukaryotic host (Moran, 2002; Klasson and Andersson, 2004) . The genome of the pathogen Mycobacterium leprae is a well-known example for a genome in an early stage of genome erosion (Cole et al., 2001) . It contains a high number of pseudogenes (n ¼ 1116) and large intergenic spacer regions (representing strongly degraded pseudogenes, which are not recognized as such anymore). On the other end of the spectrum, the highly reduced genome of Buchnera contains only few pseudogenes and the lengths of intergenic regions are typical for more stable genomes (Mira et al., 2001) . The genome fragment of 'Candidatus S. adelgidicola' contains five pseudogenes (Supplementary Figure S6) , which were formed by point mutations introducing premature stop codons and frameshifts. Three of these pseudogenes, which are absent in most obligate symbionts, are in genome regions that are syntenic with Escherichia coli (Figure 6) Figure 5 Affiliation of 'Candidatus Steffania adelgidicola' proteins to NCBI COGs and occurrence of homologs in the genomes of E. coli and other insect symbionts. Gray boxes indicate the presence of homologs (E-value o10 À9 , except for pseudogenes); white indicates absence. The presence of homologs correlates with genome size, with obligate symbionts lacking many of the genes found on the 'Candidatus S. adelgidicola' genome fragment. * Indicates pseudogenes in 'Candidatus S. adelgidicola'; it must be noted that more distant homologs of IlvL and WaaL are present in E. coli; Ec ¼ Escherichia coli K-12 substr. MG1655 (NC_000913), Sg ¼ Sodalis glossinidius str. 'morsitans' (NC_007712), Ss ¼ Serratia symbiotica str. Tucson (AENX00000000), Hd ¼ 'Candidatus Hamiltonella defensa 5AT' (Acyrthosiphon pisum) (NC_012751), Bp ¼ 'Candidatus Blochmannia pennsylvanicus str. BPEN' (NC_007292), Wg ¼ Wigglesworthia glossinidia endosymbiont of Glossina brevipalpis (NC_004344), Bc ¼ Baumannia cicadellinicola str. Hc (Homalodisca coagulata) (NC_007984), Ba ¼ Buchnera aphidicola str. APS (Acyrthosiphon pisum) (NC_002528), Cr ¼ 'Candidatus Carsonella ruddii PV' (NC_008512). Table S4) . Gammaproteobacterial obligate symbionts of insects share similar genome features and are clearly separated in this three-dimensional scatter plot. Signs for genome erosion can be observed in facultative symbionts to different degrees. The placement of 'Candidatus Steffania adelgidicola' between these two groups suggests that 'Candidatus S. adelgidicola' is an evolutionarily young symbiont the genome of which is in the process of size reduction. For comparison, 'Candidatus Hodgkinia cicadicola', an alphaproteobacterial symbiont of cicadas is shown. Its genome is highly reduced but in contrast to the genomes of gammaproteobacterial insect symbionts shows a high G þ C content. typical features of facultative symbionts and is less streamlined than the genomes of obligate symbionts. Within the Gammaproteobacteria, genome reduction is also accompanied by a decrease in genomic G þ C content (Moran et al., 2008) . The average G þ C content of the genome fragment of 'Candidatus S. adelgidicola' is 39.1%. Although the G þ C content of the closest free-living relative of 'Candidatus S. adelgidicola' is unknown, this is in the range of the genomic G þ C content of other facultative symbionts of insects but notably higher than the G þ C content in highly reduced bacterial genomes from obligate symbionts such as Buchnera and Wigglesworthia (Figure 7 , Supplementary  Table S4 ; Williams et al., 2010) . These genome features and the lifestyle of bacterial symbionts of insects reflect the age of their association with their insect hosts, with facultative symbionts being evolutionary younger symbionts than obligate symbionts (Supplementary Table S4 ; Moran et al., 2008) . Taken together, if G þ C content, pseudogenes and spacer length are taken as proxies for the degree of genome reduction, lifestyle and evolutionary age of the symbiosis, 'Candidatus S. adelgidicola' is an evolutionarily young bacteriocyte-associated symbiont and its genome might still be undergoing genome reduction.
Although phylogenetic analysis of 16S and 23S rRNA genes failed to identify the closest relative of 'Candidatus S. adelgidicola' (Figure 3) , two lines of evidence suggest an affiliation with Sodalis-related symbionts of diverse insect hosts (Kaiwa et al., 2010) . First, 42 out of 44 predicted proteins encoded on the 'Candidatus S. adelgidicola' genome fragment show S. glossinidius proteins as closest homologs. Second, in phylogenetic trees based on the RNA polymerase sigma-32 factor RpoH, 'Candidatus S. adelgidicola' formed a monophyletic group with the respective S. glossinidius protein (Supplementary Figure S7) . Sodalis-related symbionts are considered evolutionary young symbionts showing less reduced genomes compared with longterm-associated obligate symbionts (Rio et al., 2003) , corroborating our findings from the analysis of the 'Candidatus S. adelgidicola' genome fragment.
Conclusions
This study shows that adelgids of the A. nordmannianae/piceae complex harbor two novel Gammaproteobacteria as bacteriocyte-associated symbionts, both of which show no close relationship with known facultative or obligate symbionts of other insects. These adelgids have thus acquired their symbionts independently from members of their sister group, the aphids. The genome of one of these symbionts, 'Candidatus S. adelgidicola', is reduced compared with the genome of free-living Gammaproteobacteria, but it is less streamlined than the genomes of known long-term obligate insect symbionts. The symbiosis between 'Candidatus S. adelgidicola' and its insect host thus most likely represents an evolutionary young association, which was established after diversification of the Adelgidae. We predict that other members of this insect family have acquired their symbionts independently, a notion which is also supported by evidence for a larger morphological diversity of bacterial symbionts in this insect family (Profft, 1936; Steffan, 1968) . Further molecular characterization of other adelgid symbionts is required to improve our understanding of the evolutionary history of these associations and to reveal the specific functions of these intracellular symbionts for their insect hosts.
